Abstract Intramyocellular lipid (IMCL) plays an important role in the study of metabolism in vivo. Magnetic resonance spectroscopy (MRS) studies of IMCL are usually performed with clinical 1.5-T magnetic resonance imaging (MRI) systems and have employed the single-voxel MRS technique. The present study reports the results of our systematic evaluation of the ability of single-and multi-voxel MRS to yield high-quality, contamination-free IMCL levels from the tibialis anterior (TA) muscle. A clinical, 1.5-T, whole-body MRI scanner was used to measure IMCL with a standard knee coil, head coil, or a 3-cm receive-only surface coil with a body coil transmit. Excellent IMCL spectra were obtained in healthy males in only 8 min from multiple 0.25-cm 3 voxels using the surface coil receive/body coil transmit in conjunction with the standard PRESS spectroscopic imaging (SI) technique. This approach provided the spatial resolution and voxel placement flexibility permitting optimal separation of IMCL and extramyocellular lipid. Our findings demonstrate the potential of the SI approach.
Introduction
Intramyocellular lipid (IMCL) provides an important source of cellular energy for skeletal muscle that can be metabolized under conditions of increased demand. Investigation of the interplay between IMCL and insulin resistance is providing an improved understanding of the etiology of obesity and diabetes mellitus.
Most previous attempts to establish correlations between IMCL and insulin resistance in obesity and diabetes mellitus were based on analysis of muscle biopsy samples [1] . However, measures of IMCL derived in this manner may be of limited value due to the possibility of contamination by extramyocellular lipid (EMCL). Also, IMCL and EMCL are not easily separated on biopsy specimens.
Recently, it has been demonstrated that single-voxel magnetic resonance spectroscopy (MRS) techniques are capable of distinguishing IMCL from EMCL in vivo, thereby offering the potential to derive more reliable IMCL measures [2] [3] [4] [5] . Furthermore, MRS is noninvasive, which is a clear and distinct advantage over biopsy in longitudinal studies. Existing single-voxel MRS-based methods for measuring in vivo IMCL are limited in spatial resolution, which leads to degraded spectral resolution. In the present study we evaluated single-voxel and multi-voxel IMCL measurement methods.
Methods
Single-voxel MRS and spectroscopic imaging (SI) methods for evaluating IMCL were applied to the tibialis anterior (TA) muscle of healthy male subjects. A clinical 1.5-T whole-body scanner (SIGNA, General Electric, Milwaukee, WI, USA) was applied in all studies with the standard system knee coil, head coil, or a 3-cm receive-only surface coil with a body coil transmit.
Single-voxel MRS A 1-cm 3 voxel was positioned in the TA muscle using an optimized PRESS sequence (repetition time, 2 s; echo time, 35 ms; 128 acquisitions; water presaturation).
Two-dimensional MRS
Two dimensions of in-plane phase encoding (32x32) over 16.0x16.0 cm 2 resulted in a nominal voxel resolution of 0.25 cm 3 with the multi-voxel version of the PRESS technique (repetition time, 2 s; echo time, 35 ms; 128 acquisitions; water presaturation).
All data were processed with XsOs NMR software, developed in-house by two of the investigators (XM, DCS), for postprocessing of MRS studies.
Results
A spectrum obtained with single-voxel MRS is shown in Fig 1. Though the IMCL and EMCL resonances have been resolved, the peak separation is poor, despite use a spectral resolution-enhancing filter. Figure 2 shows an SI data set obtained in 8 minutes using a surface coil receive/body coil transmit arrangement. The SI data have been overlaid on a magnetic resonance image (MRI) of the calf of a male subject from which they were recorded. A spectrum extracted from SI voxel within the subject's TA muscle is shown in Fig. 3 , showing a significantly improved separation of IMCL and IMCL; also note the significant decrease of the intensity of the EMCL peak in the SI spectrum compared to that in the single voxel MRS spectrum. 
Discussion
Except for two studies which were performed using experimental high magnetic field MR systems [6, 7] , all previously reported MRS studies of IMCL in human muscle were conducted on standard clinical 1.5 T MRI systems using the single-voxel technique [2, [8] [9] [10] . In the present study, we have demonstrated that at 1.5 T the multi-voxel or magnetic resonance spectroscopic imaging (MRSI) approach holds two critically important advantages over single-voxel MRS with respect to in vivo detection of IMCL: (a) higher spatial resolution and (b) increased flexibility in placing the voxel of interest. By virtue of their relatively small sizes, MRSI voxels can be found that are contained almost exclusively within the desired muscle tissue. As a result IMCL spectra within such a voxel will exhibit minimal contamination by EMCL from surrounding or adjacent adipose tissue. Moreover, because MRSI is able to record spectra simultaneously from multiple relatively small voxels encompassing the tissue of interest (Fig. 2) , there is no need for prior careful voxel placement, which, in addition to requiring an experienced technician [8] , could be quite time-consuming for obese subjects [9] . With the flexibility of the multi-voxel MRSI approach, voxels of interest exhibiting the least amount of adipose tissue contamination can simply be selected after data acquisition and processing. Clearly, this flexibility afforded by MRSI for post-acquisition voxel selection would minimize set up time in comparison with the single-voxel technique, in which careful and possibly time-consuming voxel placement is necessary before acquisition to ensure minimal adipose tissue contamination.
In summary, we have demonstrated that MRSI may be better suited than single-voxel MRS for use in studies of IMCL at 1.5T.
